Abstract Present status of the diagnostics for electron cyclotron emission measurements on both HT-7 and EAST is reported. A 16-channel heterodyne radiometer system and a 20-channel grating polychromator, have been installed on HT-7 and EAST. A 32-channel heterodyne radiometer system, with a wider frequency coverage and better spatial resolution, is being built. In order to provide a reliable electron temperature profile, an in-situ absolute calibration system is currently being built. With the ECE measurements, study on the electron heat transport and the anomalous Doppler resonance is conducted.
Introduction
EAST [1] , a fully superconducting tokamak with a non-circular cross-section, is an upgrade version of HT-7 [2] . The main parameters of these two tokamaks are listed in Table 1 . Electron cyclotron emission (ECE) measurement is widely used in tokamak research since the 1960s [3] , to provide the temporal evolution of local electron temperature [4] and the information on the electron's energy distribution [5, 6] . Two systems have been developed for the ECE measurements on HT-7 and EAST, namely a 16-channel heterodyne radiometer system (HRS) [7, 8] and a 20-channel grating polychromator (GPC) [9, 10] . The frequency coverage range of the 16-channel HRS is 98.5 GHz to 126 GHz, with radial resolution of about 2 cm. GPC covers frequency range of 90 GHz to 250 GHz, with a radial resolution of around 2.5 cm. A 32-channel HRS, which covers the frequency range of 104 GHz to 168 GHz and with a better radial resolution of around 1 cm, is being built now. This paper is organized as follows: In section 2, the ECE measurement systems on HT-7 and EAST are introduced. The intensity calibration method is introduced as well. Relevant study carried out on HT-7 and EAST are exampled in section 3. A summary is given in section 4.
Description of the instruments
It is the second harmonic ECE that is normally employed to provide the electron temperature profile. Fig. 1 illustrates the frequency range of the second harmonic ECE on EAST for toroidal magnetic field from 2 T to 3.5 T. The frequency coverage of the three different instruments is shown in Fig. 1 as well. The 16-channel HRS covers a small fraction of the plasma. The 20-channel GPC provides a very wide frequency coverage. The 32-channel HRS is with a modest frequency coverage. GPC serves for a global measurement, and can be used as a tool to monitor the non-thermal emission. HRS is used for local measurement with a finer spatial resolution, and believed to be an ideal tool for the study on magnetohydrodynamic (MHD) [11] and electron heat transport [12] . Details of these instruments are introduced in the following subsections. Fig.1 Frequency range of the second harmonic ECE in EAST for different toroidal magnetic field, and the coverage range of the three different instruments
16-channel HRS
A 16-channel HRS has been working on HT-7 since 2005. This radiometer receives emission from the plasma in the frequency range of 98.5 GHz to 126 GHz. Fig. 2 illustrates the schematic of the system. The receiver of the system is a combination of the TPX lens and corrugated horn, with a spot size of about 10 cm. A 3 dB directional coupler is employed in the instrument to split the emission into two units, with a high pass filter for each to ensure single side band operation of the mixer. One unit is equiped with a local oscillator (LO) at a frequency of 95 GHz, and an other at 108.5 GHz. A low-pass filter is employed to overcome intermediate frequency (IF) due to residual LO harmonics. Each of the two signals in 2 GHz to 18 GHz is amplified and split into 8 channels. Each channel is then filtered by a band pass filter with a bandwidth of 1 GHz, and the central frequency is designated in Fig. 2 . Schottky diode detectors are used to detect signal of each channel. Finally, the output of the detector is amplified and digitized. 
20-channel GPC
A 20-channel GPC was transferred from PPPL in 2008, and is relocated to EAST. A schematic of the system is shown in Fig. 3 , which is based on the EbertFastie grating monochromator and some other grating instruments used for plasma diagnostics. The emission from plasma is diffracted at the entrance aperture located at the focal point of the spherical collimating mirror M1. The grating disperses the plane wave reflected by M1 according to the grating equation. Then, the diffracted light is focused by the camera mirror M2 to the exit apertures. The spectral coverage of this system is very wide, and covers the frequency range of 90 GHz to 250 GHz, which corresponds to a central toroidal magnetic field of 2 T to 3.5 T in EAST. The frequency bandwidth of each channel is around 1.5 GHz, determined by the spectral resolution of the system.
The emission from plasma is collected by a quasioptical antenna, which is composed of an ellipsoidal mirror and a flat mirror. Then, the emission is coupled to the low-loss corrugated waveguides into the polychromator. The inner diameter of the waveguide is 63.5 mm, with corrugations of a depth of 0.4 mm, a width of 0.3 mm and a period of 0.45 mm. The spot size of this quasi-optical system is around 5 cm, which determines the poloidal resolution of the measurement. The waveform of a typical discharge for two channels of GPC is shown in Fig. 4 , together with the results from the 16-channel HRS, the plasma current, the loop voltage and the line-integrated electron density. The toroidal magnetic field for this shot is 1.97 T at a radius of 1.7 m, and the position of the magnetic axis is around 1.8 m according to the results from off-line EFIT. The central electron temperature is around 850 eV, calculated from the soft X-ray spectrum. Fig.4 Waveform of a typical discharge for two channels of GPC, together with the results from the 16-channel radiometer, the plasma current, the loop voltage and the lineintegrated electron density
32-channel HRS
To provide the profile of electron temperature with a better spatial resolution, a 32-channel HRS is being built in collaboration with the University of California at Davis (UC Davis). The frequency range of the system is 104 GHz to 168 GHz, and the RF frequencies are equally spaced every 2 GHz from 105 GHz to 167 GHz. Each channel is with a RF bandwidth of 500 MHz, and this corresponds to a finer radial resolution than the two ECE measurement instruments on HT-7 and EAST currently used.
The RF front end of this system is different from that of the 16-channel HRS, and is shown in Fig. 5 [13] . ECE from the plasma is optically separated into four beams using a combination of beamsplitters and mirrors. High density polyethelene (HDPE) lenses, specially designed for this application, focus each of the four beams into harmonic mixers, with LO signals supplied by dedicated Gunn oscillators. The position of each lens will be adjusted to form a beam waist in the vicinity of the ECE radiation layer for that receiver, thereby minimizing Doppler broadening of the emission layers. Rather than using waveguide filters to ensure that each mixer receives single sideband radation, dichroic plates are employed, as high pass filters. The IF part will not be described here, since it is similar to that of the 16-channel HRS. 
Calibration
A relative calibration method [14] is employed to obtain the relative coefficients for the 16-chanal HRS. In this method, two discharges with similar plasma parameters except for the toroidal magnetic field, are needed. The toroidal magnetic field of these two discharges is chosen so that the adjacent channels observers almost the same volume of plasma. Then the relative coefficient can be deduced from the relative intensity of the adjacent two channels. To obtain the electron temperature, it is cross calibrated with the central electron temperature deduced from the soft X-ray diagnostic [15] . Fig. 6 shows an example of the electron temperature profile obtained with the relative calibration method.
An in-situ absolute calibration system is currently being built, with a layout shown in Fig. 7 . This calibration system will employ a Dicke [16] calibration technique that uses a chopped liquid nitrogen-cooled Eccosorb CV source/SiC hot source and a lock-in amplifier.
Related physics
In the past few experimental campaigns, the second harmonic ECE in HT-7 and EAST was measured. On one hand, the evolution of the electron temperature profile is deduced with the relative calibration method. On the other hand, some relevant physical study is carried out based on the ECE measurement. In the following subsections, two examples of the physical study in HT-7 and EAST are introduced.
Electron heat transport
Recently, several results suggest the existence of a threshold above which transport is enhanced [12, 17] , in agreement with theoretical prediction for turbulent transport. Electron's heat diffusivity can be experimentally deduced by steady-state and perturbative transport analysis. In a steady state, the electron's heat diffusivity is evaluated as the ratio of the heat flux and the electron temperature gradient, and this method is called power balance method. In the perturbative transport analysis, a dynamic response of the plasma to a perturbation is considered, and the electron heat diffusivity is measured from the change in the heat flux induced by a variation in the gradient. There are many perturbation techniques, such as the sawtooth instability induced heat pulse [18] , perturbations using gas feed or electron cyclotron heating (ECH). As for the analysis techniques, the time-to-peak (ttp) method is devised for the analysis of the sawtooth heat pulse [19] . The electron's heat diffusivity is derived from the time at which the temperature perturbation reaches its maxi-
. A more general method is the fast Fourier transform based technique (FFT) [20] , and the electron's heat diffusivity can be evaluated from the phase velocity and amplitude profile of the perturbation.
ECE measurement is an ideal tool for the electron's transport study, since it can provide the evolution of electron temperature profile with a fairly good spatial and temporal resolution. On HT-7, the sawtooth heat pulse in Ohmic discharges are investigated for different electron densities [21] . The sawtooth propagation measured by the 16-channel HRS is shown in Fig. 8 for a typical discharge at an electron density of n e = 1.6 × 10 19 m −3 , plasma current of I p = 160 kA and toroidal magnetic field of B T = 1.95 T. Perturbative methods (ttp method and FFT method) and power balance method are used separately to deduce the electron's heat diffusivity for discharges with different electron densities, and the results are shown in Fig. 9 . The results obtained from both ttp method and FFT method agree fairly well. The values deduced from the perturbative methods is larger than that from the power balance method by a factor of 2 to 10, and this phenomenon is explained by the non-linear behavior of the electron's heat transport. Further study employing the power modulation method will be performed on EAST, when ion cyclotron resonant (ICRH) or electron cyclotron resonant heating (ECRH) is prepared. ECRH is the most suitable tool because its power deposition occurs only on the electrons in a narrow layer steerable in position, while ICRH in a mode conversion scheme has proven useful in JET [22] as well.
Flux surface reconstruction
One of the key issues to achieve high performance Fig.9 Electron's heat diffusivity inferred from the ttp method, the FFT and the power balance analysis as a function of electron density in plasma is the control of magnetohydrodynamic (MHD) instabilities. The neoclassical tearing mode (NTM) with mode number of m/n = 3/2 is believed to be most possible candidate instability which limits the achievable beta value in plasma. On HT-7, flux surface is reconstructed from the results measured by the 16-channel HRS, based on plasma rigid rotation. The result is confirmed by the Mirnov diagnostic [23] . With the reconstructed flux surface, the classical m/n = 3/2 mode is identified in HT-7.
Conclusions
Two ECE measurement systems are installed on HT-7 and EAST, namely a 16-channel HRS and a 20-channel GPC, respectively. A 32-channel HRS is being installed on EAST, with a wide frequency range and finer radial resolution.
With the relative calibration method, the evolution of electron temperature profile is provided. An absolute calibration system is being built now. Relevant study based on ECE measurement have been carried out on HT-7 and EAST.
